Circoviruses are known to infect birds and pigs and can cause a wide range of severe symptoms with significant economic impact. Using viral metagenomics, we identified circovirus-like DNA sequences and characterized 15 circular viral DNA genomes in stool samples from humans in Pakistan, Nigeria, Tunisia, and the United States and from wild chimpanzees. Distinct genomic features and phylogenetic analysis indicate that some viral genomes were part of a previously unrecognized genus in the Circoviridae family we tentatively named "Cyclovirus" whose genetic diversity is comparable to that of all the known species in the Circovirus genus. Circoviridae detection in the stools of U.S. adults was limited to porcine circoviruses which were also found in most U.S. pork products. To determine whether the divergent cycloviruses found in non-U.S. human stools were of dietary origin, we genetically compared them to the cycloviruses in muscle tissue samples of commonly eaten farm animals in Pakistan and Nigeria. Limited genetic overlap between cycloviruses in human stool samples and local cow, goat, sheep, camel, and chicken meat samples indicated that the majority of the 25 Cyclovirus species identified might be human viruses. We show that the genetic diversity of small circular DNA viral genomes in various mammals, including humans, is significantly larger than previously recognized, and frequent exposure through meat consumption and contact with animal or human feces provides ample opportunities for cyclovirus transmission. Determining the role of cycloviruses, found in 7 to 17% of non-U.S. human stools and 3 to 55% of non-U.S. meat samples tested, in both human and animal diseases is now facilitated by knowledge of their genomes.
ciated diseases, which can manifest as a systemic disease, respiratory disease complex, enteric disease, porcine dermatitis and nephropathy syndrome or as reproductive problems, causing great losses in the pork industry (1, 29, 32) . Circovirus infections are thought to occur mainly through fecal-oral transmission (37) .
We describe here highly diverse, circovirus-like, circular DNA viral genomes discovered in human and chimpanzee stool samples, and we propose their inclusion in a new genus of the Circoviridae family that we tentatively name "Cyclovirus" pending review by the International Committee on Taxonomy of Viruses (ICTV). Cycloviruses were also found to be prevalent in the muscle tissue of farm animals, such as chickens, cows, sheep, goats, and camels. The cyclovirus species found in human stool samples and in animal meat samples showed limited genetic overlap, suggesting that most of the cycloviruses found in human stool samples are not from consumed animal meat. Rather, these cycloviruses in human stools might cause human enteric infections. The presence of cycloviruses in human stool samples and in farm animal tissue also suggests the potential for frequent cross-species exposure and zoonotic transmissions.
MATERIALS AND METHODS
Detection of circoviruses using degenerate primers. Nucleic acids were extracted from stool supernatants and plasma samples using the QIAamp viral RNA kit which extracts both RNA and DNA (Qiagen). DNA was extracted from animal tissue specimens using a QIAamp DNA minikit (Qiagen). Degenerate primers for nested PCR were as follows: CV-F1 (5Ј-GGIAYICCICAYYTICA RGG), CV-R1 (5Ј-AWCCAICCRTARAARTCRTC), CV-F2 (5Ј-GGIAYICCI CAYYTICARGGITT), and CV-R2 (5Ј-TGYTGYTCRTAICCRTCCCACCA). The degenerate primers were designed on the basis of the consensus sequence from an alignment of replicase (Rep) proteins from CyCV1-PK5006 and 12 representative Circovirus species. Multiple-sequence alignment of the Rep amino acid sequences was performed using ClustalW2, with default settings. PCRs with the degenerate Rep primers were performed with the following cycling profile: 5 min at 95°C; 40 cycles, with 1 cycle consisting of 1 min at 95°C, 1 min at 52°C (56°C for the 2nd PCR round), and 1 min at 72°C; and a final incubation for 10 min at 72°C. Products with a size of approximately 400 bp were purified and sequenced using primer CV-R2. Most of the products were sequenced directly. Amplicons with low concentrations or multiple bands were cloned to obtain high-quality sequence data.
Phylogenetic analysis. Phylogenetic analyses based on aligned amino acid sequences from full-length or partial Rep proteins were generated by the neighbor-joining (NJ) method in MEGA 4.1 (18) , using amino acid p-distances, with 1,000 bootstrap replicates. Other tree-building methods, maximum parsimony (MEGA) and maximum likelihood (PhyML [11] ), were carried out to confirm the NJ tree. The GenBank accession numbers of the Rep sequences from plasmids, viruses, and protists used in the phylogenetic analyses are as follows (shown in brackets): Putative open reading frames (ORFs) with a coding capacity greater than 100 amino acids were predicted by Vector NTI Advance 10.3 (Invitrogen). The stem-loop structure was predicted using Mfold (version 3.2) (43).
Sample collections. (i) Stool samples from South Asian children.
A total of 107 fecal specimens were collected by the WHO Regional Reference Laboratory for polio eradication at the National Institute of Health in Islamabad, Pakistan, between December 2005 and May 2008: 57 samples from non-polioinfected children with acute flaccid paralysis (AFP), 9 from closely related but healthy contacts, and 41 from clinically healthy children living in the same geographic region. The median age of the children was 3 years (range, 1 month to 15 years).
(ii) Stool samples from Nigerian children. Ninety-six stool samples from non-polio-infected children with AFP were collected by the WHO National Polio Laboratory at the University of Maiduguri Teaching Hospital in Maiduguri, Nigeria, during February to April 2007. The median age of these children was 2.5 years (range, 6 months to 12 years).
(iii) Stool samples from Tunisian children and adults. A total of 192 stool samples were collected by the WHO Regional Reference Laboratory for Poliomyelitis and Measles, Institut Pasteur de Tunis, Tunis-Belvédère, Tunisia, from 2005 to 2008, including 94 stool samples from non-polio-infected children with AFP and 82 samples from closely related healthy contact children. Two stool samples from AFP cases and 14 stool samples from healthy contacts were from adults (Ͼ15 years). The median age of the cohort was 5 years (range, 6 months to 54 years). Table S1 in the supplemental material.
(vi) Plasma specimens from U.S. blood donors. Ninety-six plasma specimens were collected from unremunerated blood donors in the United States.
(vii) Plasma specimens from African bush hunters. A total of 113 plasma specimens were collected from nonsymptomatic bush-hunting African adults (95 specimens) or adults with a nonmalarial fever (18 specimens). All studies were reviewed and approved by the University of California in San Francisco Committee on Human Research.
Nucleotide sequence accession numbers. The sequences of 15 genomes have been deposited in GenBank under accession numbers GQ404844 to GQ404858. Partial Rep gene sequences were deposited in GenBank under accession numbers GQ404858 to GQ404986.
RESULTS
A highly divergent circovirus in human stool samples. Viral particles in human stool samples from Pakistani children were enriched by filtration, and contaminating host DNA and RNA were digested by nuclease treatment. Nucleic acids protected within viral capsids were then extracted, amplified using random PCR, and pyrosequenced (41) . The resulting DNA sequences were assembled into contigs, translated, and analyzed by protein similarity search (BLASTx). A contig (1,164 bp) composed of eight sequence reads from the stool sample of a healthy South Asian child (PK5006) was found to have significant similarity to the replicase (Rep) protein of circoviruses (E-value Ͻ 1eϪ10) (41) . Since species in the genus Circovirus have a circular genome, the full viral genome was then amplified by inverse nested PCR, and the amplicon was sequenced by primer walking. The virus of the assembled genome was tentatively named "Cyclovirus species 1 strain PK5006" (CyCV1-PK5006) (cyclo means circular in Greek). Sequence alignment of the putative Rep protein of CyCV1-PK5006 with VOL. 84, 2010 DIVERSE CYCLOVIRUSES FOUND IN STOOL AND ANIMAL TISSUE 1675 that of known species in the genus Circovirus identified several highly conserved amino acids motifs (see Fig. S1 in the supplemental material) (15, 31, 38) .
Frequent detection and analysis of circovirus-like Rep sequences in human and animal specimens.
To screen for related viruses, we designed pan-Rep PCR primers to hybridize to the Rep genes of known avian and porcine circoviruses as well as to the Cyclovirus prototype CyCV1-PK5006. Ten specimen collections of 1,112 samples, including human stool and plasma samples and animal stool and muscle tissue samples were then screened with these primers (Table 1) . Rep sequences were detected in 137 samples from all but the two human plasma collections. The approximately 400-bp amplicons were sequenced, and translated amino acids were aligned using the homologous region of the putative Rep-associated protein of CAV as the outgroup. The derived phylogenetic tree was consistent with prior analyses based on the complete Rep protein sequences and on the complete genome of animal circoviruses (12, 16, 22, 38, 39) . A densely populated cluster of Rep sequences (including that of the Cyclovirus prototype genome) was labeled cycloviruses in Fig. 1 . Some of the Rep sequences fell outside the Circovirus and Cyclovirus clades, together with the non-Circoviridae Rep proteins from Nanovirus, Geminivirus, Gyrovirus, Canarypox virus, Bifidobacterium pseudocatenulatum plasmid p4M, Giardia intestinalis, and Entamoeba histolytica (10) (see Fig. S2 in the supplemental material). The possibility that some outlier Rep sequences belong to ingested plant viruses distantly related to nanoviruses and geminiviruses cannot be discounted (42) .
The prevalence of Cyclovirus in human stool samples ranged from 17% in Pakistani children to 0% in U.S. adult stools that exclusively contained PCV1 or PCV2 (Table 1) . Rep sequences amplified from the stool samples from two Nigerian children ( Fig. 1 , NG1-AFP and NG3-AFP) grouped within the avian Circovirus clade, while sequence amplified from the stool sample of a Tunisian child formed a distinct lineage of circoviruslike sequence ( Fig. 1 , TN4-contact). Cycloviruses were found in 6 out of 44 stool samples from chimpanzees (14%), and avian circovirus-like sequences were amplified from another 3 chimpanzee stool samples ( Fig. 1 , purple circles). No statistical association was found between detection of cyclovirus or circovirus Rep sequences with the occurrence of disease (non- Genome characteristics and phylogeny of cycloviruses. To confirm the presence of diverse cycloviruses and to characterize the genome of this novel group, inverse PCR was used to amplify and sequence complete viral genomes from human and chimpanzee stool samples. Each of the 15 sequenced circular genomes has two main open reading frames arranged in opposite directions, encoding the putative Rep and capsid (Cap) proteins, an arrangement typical of circoviruses (Fig. 2) . The complete Rep proteins were used for phylogenetic analysis. The resulting tree confirms the presence of a new Cyclovirus clade within the Circoviridae, including now 12 genomes (Fig.  3) . The ORFs of the Cyclovirus genomes were similar to those of circoviruses but with some distinctive features (Fig. 2) . On average, cycloviruses have smaller genomes (average, 1,772 bp; range, 1,699 to 18,67 bp) than circoviruses do (average, 1,902 bp; range, 1,759 to 2,063 bp), encoding relatively smaller Rep and Cap proteins ( Table 2 ). NG13 had the smallest genome size of any reported virus (1,699 bp).
The 3Ј intergenic regions between the stop codons of the two major ORFs were either absent or only a few base pairs long in cycloviruses, while those of circoviruses were significantly larger. The 5Ј intergenic regions between the start codons of the two major ORFs of cycloviruses were larger than those of circoviruses ( Table 2 ). The Rep ORFs of the two closely related genomes, TN18 and TN25 (97% nucleotide similarity) were both interrupted by an apparent 171-bp intron with a typical splice donor site (GT) and splice acceptor site (AG) (Fig. 2) .
The stem-loop structure with a conserved nonanucleotide motif located at the 5Ј intergenic region of circovirus genomes is thought to initiate rolling-cycle replication (37) . A highly conserved stem-loop structure is also found in the 5Ј intergenic regions of cycloviruses ( Fig. 2 and Fig. 4A ). The consensus sequence for the loop nonamer of the circoviruses is 5Ј-TAG TATTAC-3Ј, with slight variation among the sequenced genomes (21, 26, 31, 35, 38, 39) (Fig. 4B) . A different and conserved loop nonamer sequence (5Ј-TAATACTAT-3Ј) was observed for all the cycloviruses except CyCV-NG13, which is a cyclovirus group outlier but carries a typical circovirus nonamer (Fig. 4B ). The highly conserved nonamer atop the stem-loop structure is one of the distinct characteristics of the new Cyclovirus genus.
The two genomes derived from human stool samples in the United States (MN614 and MN500) shared 99% overall genome nucleotide similarity with PCV2. The Chimp17 genome, from a chimpanzee stool sample, grouped with the raven circovirus RaCV, sharing 79% amino acid similarity to its Rep protein. We have named this virus "Chimpanzee Stool avian-like circovirus-chimp17" (CsaCV-chimp17). No suitably located ATG was identified for either ORF of CsaCV-chimp17. Considering the common usage of alternative start codons in avian circoviruses, such as TCT (26, 31, 35) , GTG (38) , and ATA (39), CTG was considered the most likely candidate for a start codon in the genome, producing ORFs of expected lengths. The average amino acid similarity among cyclovirus Rep proteins is 59% (range, 42 to 80%), and the value for circovirus Rep proteins is 56% (range, 40 to 87%), reflecting a comparable range of viral diversity within both genera (see Table S2 in the supplemental material). For the capsid protein, the average amino acid similarity is 29% (range, 11 to 56%) for cycloviruses and 34% (range, 18 to 76%) for circoviruses (see Table S2 in the supplemental material). An amino acid alignment shows that cycloviruses also possess some of the highly conserved Rep amino acid motifs typical of circoviruses, including WWDGY, DDFYGW, and DRYP. Motifs associated with rolling-circle replication (FTLNN, TPHLQG, and CSK) and deoxynucleoside triphosphate (dNTP) binding (G-GSK) were also identified, with some alterations (see Fig. S1 in the supplemental material) (15, 31, 38) . The N-terminal region of the cyclovirus Cap proteins was highly basic and arginine-rich, as is typical for circoviruses (17, 35) .
PCVs frequently detected in U.S. human stool samples and pork products. All Rep sequences derived from human stool samples from the United States clustered closely with PCVs ( Fig. 1, red diamonds) . In order to test the possible dietary origin of these PCV sequences, pork specimens purchased from different U.S. stores were tested. Out of 13 U.S. pork products, 9 (70%) were Rep positive, 7 of which clustered with PCV2, 1 with PCV1, and 1 highly divergent sequence (US porkNW2) ( Fig. 1, green products suggested that the cycloviruses found in non-U.S. human stool samples and wild chimpanzee stool samples might similarly originate from the consumption of meat contaminated with cycloviruses. To test this hypothesis, commonly eaten meat products were acquired from markets in Pakistan and Nigeria and analyzed by pan-Rep PCR ( Table 1) . Of 204 meat samples tested, 24% were positive, and all amplicons were sequenced. The Rep sequence detection rates differed substantially between countries for the same type of meat. None of 13 chicken samples from Pakistan was positive, while 30 out of 40 (75%) chicken samples from Nigeria were positive. Of the 30 Rep sequences from Nigerian chicken samples, 22 sequences clustered tightly within the Cyclovirus genus, and 8 sequences clustered together in a cluster with pigeon Circovirus (as did the Rep sequence NG1-AFP from the stool sample of a Nigerian child). Of the 26 goat samples from Nigeria, none was positive, while 7 out of 18 (38%) goat specimens from Pakistan were positive for cycloviruses. Of the total 19 Rep sequences obtained from farm mammals (cows, goats, sheep, and camels), only 1 (PK beef21) grouped deeply with the circovirus clade, while 18 fell within the cyclovirus clade. The majority (40 out of 49) of Rep sequences obtained from animal tissue therefore belonged to the cyclovirus clade. Some cyclovirus Rep sequences from different animal species (e.g., cows and goats, even-toed ungulates in the Bovidae family) were very closely related (Fig. 1, species 22) .
The ICTV defines different circovirus species based on sequence similarity; genomic sequences having Ͻ75% nucleotide identity and Ͻ70% identity in the capsid protein qualify as different species (37) . We adopted a criterion of Ͻ85% amino acid identity in the highly conserved Rep protein region amplified by pan-Rep PCR as the criterion for Cyclovirus species designation by comparing the amino acid identity of the same Rep region among known circovirus species. Using this criterion, 25 species of Cyclovirus were found in human and chimpanzee stool samples and meat samples from farm animals. Of these 25 species, only a single Cyclovirus species (Fig. 1, species  2) , represented by 16 out of a total of 88 Rep sequences (18.2%), was found in both human stool and farm animal tissue samples. Four species were specific to chimpanzee stool samples, and another four species were specific to farm animals. Sixteen cyclovirus species were specific to non-U.S. human stool samples. The consumption of meat from infected animals is therefore unlikely to account for the majority of cycloviruses detected in non-U.S. human stool samples.
DISCUSSION
We report on the frequent detection of viral, circular DNA genomes related to porcine and avian circoviruses in human and chimpanzee stool samples and genetically characterize a previously unrecognized genus in the family Circoviridae. These viruses were both widely dispersed (Tunisia, Pakistan, and Nigeria) and highly prevalent (7 to 17% of children's stool samples). Cycloviruses are not closely related phylogenetically to the recently described circular DNA viruses chimpanzee stool-associ-ated circular viruses (ChiSCV) found in chimpanzee stool samples (5) or the circular ssDNA viruses in aquatic environments (20, 33) , nor is their genome organization related to human or animal anelloviruses (e.g., torque teno virus [TTV]) (4, 33). PCVs were frequently detected in stool samples from adults in the United States (5%), and store-bought pork products also frequently contain PCV sequences (70%). These results indicated that detection of PCV DNA in stool may reflect dietary consumption of PCV-infected pork.
Evidence for circovirus infection in mammals other than pigs is equivocal, and studies have been restricted to PCVs. PCV2 DNA in cows with respiratory symptoms and in aborted bovine fetuses has been reported only once (24) . PCV2 was also reported in a colon biopsy specimen from a patient with ulcerative colitis, although contamination with PCV2 from stool is difficult to exclude in this case (2) . No PCV DNA was found by PCR in screening more than 1,000 samples from various tissues of both healthy and immunosuppressed humans and plasma samples from 18 xenotransplantation recipients of pig islet cells (9, 13) . In this study, the results of screening plasma samples from 96 U.S. blood donors and 113 Central African bush hunters via pan-Rep PCR were also negative ( Table 1 ). A study showed that viral protein expression, cytopathic effect, and DNA persistence occurs in human cell lines infected with PCV2, but the virus could not be passed to new cultures (14) . One study reported the presence of PCV-reactive antibodies, although with somewhat distinctive properties in sera of humans, cows, and mice (36) , while another reported the lack of PCV antibodies in cows and horses (8) . Whether PCVs simply pass through or are capable of replication in the human gut remains unknown.
Avian circovirus-like DNA was found in 3/44 wild chimpanzee stool samples and in 2/96 stool samples from Nigerian children (Table 1 ). This observation may reflect consumption of infected birds or conceivably contamination of food with bird droppings.
Cycloviruses were found in the muscle tissue of all the species of farm animals tested (goats, sheep, cows, camels, and chickens), suggesting that viral infection occurs in these species. In previous studies, different tissues have been shown to retain small DNA viruses (e.g., parvoviruses) long after primary infection viremia (23, 27) . The detection of cycloviruses and circoviruses in muscle tissue could therefore reflect prior and/or ongoing infection. The detection of closely related cyclovirus Rep sequences in both cows and goats from Pakistan (Fig. 1, species 22 ) might reflect cross-species transmission.
A wide diversity of cycloviruses was identified in human stool samples collected from children in developing countries. In contrast, in the United States, all Rep sequences obtained from stool samples belonged to the PCV clade. An important distinction between U.S. and non-U.S. human stool samples was the younger age of the non-U.S. donors, which may have impacted host susceptibility to infections or the duration of viral shedding. Exposure to cyclovirus may therefore also occur in the United States but was not detected because of the older age of the subjects.
In total, 17 Cyclovirus species were identified in 395 human stool samples, and 5 Cyclovirus species were found in muscle tissue samples from 204 farm animals, with only a single species found in common in both groups of samples. The meat samples analyzed were acquired from three major cities in Pakistan and one major city in Nigeria, while the children from these countries shedding cycloviruses were geographically more dispersed. It is therefore conceivable that despite the large number of cyclovirus replicase sequences generated, more geographically dispersed sampling of farm animals would have shown greater overlap with human stool-derived cyclovirus sequences. Using the current sampling, the limited overlap between Cyclovirus species found in human stool samples and in meat from farm animals from the same countries does suggest that most of the cycloviruses found in the stool samples of children in Nigeria and Pakistan were not from consumed meat. Possibly, the 16 cycloviruses species found only in human stool samples were transmitted via a fecal-oral route from other infected children, a common pathway for many enteric viral infections. The detection of cycloviruses in 14% of stool samples from chimpanzees (who consume very limited amounts of meat) also argues in favor of transmission within this primate species rather than simply reflecting consumption of infected meats. It is not known whether the viral species found in both human stool samples and tissue samples from farm animals, such as PCVs in the United States and cyclovirus species 2 (Fig. 1, species 2) in Pakistan, Nigeria, and Tunisia, can replicate in their human host. Since transmission of PCV2 from one pig to another through consumption of meat was recently shown (30), the potential for zoonotic transfer also exists for other circoviruses and cycloviruses.
Given the high prevalence of cyclovirus infections in non-U.S. farm animals, the possibility of cross-species transmission (cyclovirus species 22 in different members of the family Bovidae), the high diversity of cycloviruses in human stool samples, the documented pathogenicity of closely related Circovirus species, and the high rate of mutation and recombination of some ssDNA viruses, the pathogenic potential of cycloviruses in both humans and farm animals merits further study.
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